Ion velocity distributions in the vicinity of a spherical object with a negative potential with respect to collisionless, source-free plasma are studied with three-dimensional numerical simulations. The ion dynamics around the object leads to distorted radial velocity distributions in the presheath and the sheath edge region. Far in the sheath, an increase in the thermal velocity in the radial direction is observed. Different potentials of the object, ion temperatures, and ion masses are considered, as well as the role of spatial and temporal resolutions in laboratory measurements of ion velocity distributions. The simulations are carried out with the DiP3D, a three-dimensional particle-in-cell numerical code.
Ion velocity distributions in the sheath and presheath of a biased object in plasma
I. INTRODUCTION
A region of disturbed plasma density, so-called sheath forms in a vicinity of any object being in contact with plasma, if the electric potential of the object is different than that of the plasma. 1 Without external bias, the object will be at floating potential, at which the electron and ion currents balance each other. In electropositive plasmas, the floating potential will be negative with respect to the plasma potential. Examples of objects at floating potentials are spacecrafts or meteoroids in space, or dust grains in plasma processing devices. 2 Often, plasma is in contact with biased or grounded surfaces, such as probes or substrates. The sheath in the vicinity of a biased object can be larger than for a floating object.
The sheath modifies plasma conditions locally. A proper understanding of the plasma-object interactions, and in particular the influence of the object on the plasma particle distributions in its vicinity, is crucial for plasma diagnostics and processing. In this paper, we present for the first time results from the three-dimensional particle-in-cell (PIC) simulations for studies of ion velocity distribution function (ivdf) in the sheath of a spherical object in stationary and flowing plasmas with no plasma sources.
For the sheath to exist, the ion speed at the sheath edge must satisfy the Bohm condition, which was originally derived for cold ions 3 and was later generalized for arbitrary ion distributions. [4] [5] [6] To satisfy this condition, ions need to be accelerated in a quasi-neutral region, a presheath. In the cold ion approximation, the potential drop associated with the presheath relates to the electron temperature: DU ¼ kT e =2. One-dimensional analytical models of the plasma-wall transition for non-zero ion temperatures show that the ivdf will change in the presheath, while in the sheath, ivdf will get narrower 8, 9 or broader due to collisions enhanced by instabilities. 6 The models by Emmert et al. 8 and by Bissel and Johnson 9 assume different ion source functions, the flux, and Maxwellian source distribution functions, respectively, which result in different ivdf at the sheath edge. 10 In the limit of low ion temperature, both models give asymmetric ivdf with an enhancement at lower velocities. 11, 12 Some of these results were supported by one-dimensional particle-in-cell and hybrid numerical simulations. 10, [12] [13] [14] [15] The understanding of ion velocity distributions in the plasma-wall transition region is crucial for plasma processing and diagnostics. 16 Both substrates and diagnostic tools are often at large negative bias with respect to the plasma potential and they can significantly modify ivdf. Thus, recently an increased effort has been made in experimental studies of ivdfs close to planar surfaces using the laser induced fluorescence (LIF) technique. [17] [18] [19] [20] [21] The experiments showed distorted ivdfs in the presheath, but some results also showed broadening of ivdfs in the sheath. 20 Large distortions of ivdfs close to the electrode have recently been measured using LIF for plasmas in a RF frequency discharge. 22 In many plasmas of interest, the plasma source is spatially limited, and the production in the presheath and sheath can be neglected. This is valid for tenuous plasmas and objects placed far from the plasma source, such as satellites, or probes in expanding plasmas or edge regions. One-dimensional analytical and numerical models do not consider a source-free plasma. [8] [9] [10] 12, 13 Moreover, one-dimensionality implies plasma interactions with infinite walls. Thus, to study ivdfs in the vicinity of a finite-sized object, threedimensional plasma dynamics should be considered. The problem is more intricate for objects exposed to a plasma flow. 23, 24 Such studies are crucial for interpretation of data from satellite and laboratory measurements. As a detailed analytical and experimental study of the problem is difficult, one can consider using numerical simulations, which allow for self-consistent studies of complex nonlinear systems. We investigate ivdfs in the vicinity of a biased, spherical object in both stationary and flowing plasmas using three-dimensional PIC numerical simulations.
II. NUMERICAL CODE
In the PIC method, the trajectories of plasma particles are followed in self-consistent electric fields. The PIC method uses the grid for reducing the complexity of the numerical algorithm. 25 Without the grid, the net force acting on each individual plasma particle would need to be calculated in each time step from the interactions with all other particles in the simulation domain. Thus, the complexity of the algorithm would be Oðn 2 Þ, where n is the number of simulated particles and O relates to the computer resources usage time, and the algorithm will resemble the molecular dynamics method. In PIC codes, the particle quantities, such as charge or velocity, are weighted to the grid points, and the corresponding densities are built on the grid. In each time step, the fields and forces are calculated on the grid. The forces are then projected from grid points to the plasma particles in the neighboring grid cells, and the particle trajectories are advanced. The complexity of the PIC algorithm is usually OðnÞ þ Oðn g logðn g ÞÞ, where n g is the number of grid points, with n g ( n, and Oðn g logðn g ÞÞ is the complexity of solving the field equations. Thus, PIC simulations with a large number of plasma particles are much faster than molecular dynamics simulations, and they allow for studies of kinetic plasma phenomena over periods of time much larger than characteristic time associated with plasma, such as electron or ion plasma periods.
For our simulations, we use the DiP3D code, which was described in detail in previous works, 26, 27 and, thus, we specify here only the plasma parameters used for the present study. As a reference case, we simulate argon plasma with density n ¼ 2: 
Di , is placed inside the simulation box of size L ¼ 42.1k De . The potential of the sphere is set to U s ¼ À95 V with respect to the plasma potential U pl ¼ 0 V. This value is approximately five times the floating potential, U fl ¼ À18 V, which we find for considered plasma parameters.
In addition to the reference case, we performed a systematic study of the ivdf for different potentials U s of the object, electron to ion temperature ratios c, and reduced ion mass m ¼ m i , where is the reduction factor. The effect of a plasma flow on the ivdf is also considered for flow veloc-
Since changing T i implies modifying k D , for presentation of our results, we normalize lengths with k De . Velocities are normalized with the ion sound speed, chosen as C s ¼ ffiffiffiffiffiffiffiffiffiffiffiffi ffi kT e =m p , where m stands for ion mass.
III. RESULTS
The measured ivdfs are space and time averaged. The time average is taken over three ion plasma periods. For plasmas without the flow, the spatial average is over a sphere for radial distances within the segment r 2 r i ; r i þ dr ð Þ , where r i is a discretized radial distance from the sphere surface, and dr ¼ r i þ 1 À r i . Thus for small r, an increased noise level due to less number of plasma particles is expected. For flowing plasmas, the flow is in the positive x direction, and the spatial average is over a small volume centered at (x i , L=2, L=2), where L is the size of the simulation box. Fig. 1 shows ivdfs for radial and azimuthal components of the velocity at different radial distances r from the sphere surface for our reference case as well as the corresponding potential. In the figure, results for two different dr for the radial velocity component are presented: dr ¼ 1.7k De and dr ¼ 0.084k De . The radial ivdf is symmetric and close to Maxwellian far away from the sheath edge, which we refer to the potential drop of DU ¼ kT e =2 ¼ 2 eV at r s ¼ 9k De . Already in the presheath, the radial ivdf is shifted towards higher energies and distorted at lower velocities. This distortion at lower velocities in the radial ivdf gets pronounced at the sheath edge, and while entering the sheath, a hump in the distribution forms at lower velocities. The hump diminishes further inside the sheath and contributes to the tail at low velocities, while the radial ivdf is shifted towards higher velocities. For dr ¼ 1.7k De , the radial distribution gets wider and distorted further inside the sheath. For dr ¼ 0.084k De , the distribution first gets narrower with a steeper slope at higher velocities and it gets distorted closest to the surface. We note that we find this trend also for dr < 0.084k De (these results are not shown in Fig. 1 ). The azimuthal component, shown in Fig. 1(c) , is symmetric for all r, and it is broadened further inside the sheath.
For large spatial averaging in the direction normal to the surface, dr ¼ 1.7k De , the radial ivdf is distorted and widened in the sheath. This widening increases with decreasing distance to the sphere surface, see Fig. 1(a) , and is not present for dr ¼ 0.084k De and smaller, except for the last five or six profiles closest to the object. We identify it as a result of superposition of different ivdfs for large dr in the region with the high velocity gradient. Therefore, we use dr ¼ 0.084k De in the following.
To quantify the changes in the ivdf in the plasma wall transition region, we measured its full width at half maximum (fwhm) and calculated thermal velocity as a measure of temperature from the 2nd central moment of the distribution for dr ¼ 0.084k De . The 2nd central moment of ivdf is calculated as
where the sum is due to discrete nature of the distribution f(v r ) from numerical simulations and v r h i is the first raw moment
We relate the moments of the ivdf to physical quantities. The first raw moment gives the mean velocity and 2nd central moment gives the variance r 2 , which is proportional to thermal energy. Thermal velocity is calculated as a standard deviation v th ¼ r. The results are presented in Fig. 2 as a function of the local potential U for the presheath and sheath, up to a few last data points closest to the surface. In addition to our reference case for U s ¼ À95 V, we also present results for U s ¼ À45 V, and U s ¼ À18 V and the corresponding data for distribution according to the Emmert model. 8 For distributions from our simulations, the fwhm decreases at the sheath edge reaching approximately half the value of a undisturbed distribution. By comparing the results for fwhm for U s ¼ À95 V and U s ¼ À40 V in Fig. 2(a) , the increase in the fwhm appears to be more dependent on the distance to the object than the local potential. The mean velocity v r h i closely follows the position of the peak of the ivdf, and they both closely follow the total potential drop in the sheath. The thermal velocity v th , which we derive from the variance of the distribution, increases in the beginning of the sheath, with the increase being larger for U s ¼ À95 V than for U s ¼ À40 V. For U s ¼ À18 V, no increase is observed, but instead v th decreases in the sheath. In the presheath, the distribution becomes asymmetric (giving negative skewness, not shown in Fig. 2) forming a low energy tail, and it stays asymmetric throughout the sheath. The forming of the tail can be seen in the increasing thermal velocity around the sheath edge in Fig. 2(c) .
We use the analytical solution to Emmert model as a comparison to our results. This solution is only valid in the presheath. To calculate the distribution from the sheath edge and throughout the sheath, we use the energy conservation per particle and assume no source or particle interaction in the sheath, as described in Emmert et al. 8 The results for the Emmert model, which are shown for comparison in Fig. 2 , differ from our simulations. According to the Emmert model the fwhm decreases much more rapidly in the presheath and then continues to decrease throughout the sheath. While the mean velocity also closely follows the potential, thermal velocity increases slightly in the presheath and decreases rapidly at the sheath edge.
In Fig. 3(a) , the radial ivdfs in the presheath, at the sheath edge, and in the middle of the sheath are shown for different temperature ratios c for U s ¼ À95 V. The distortion in the ivdf shape at the sheath edge is more pronounced for large c, i.e., colder ions. In the simulations for c ¼ 100, the distortion gives rise to a pronounced hump in the radial ivdf at the sheath edge. The distortion gets smaller deeper into the sheath, with the decrease being stronger for colder ions.
The shape of the radial ivdf in the sheath does not change much with the object potential U s , apart from being shifted to higher velocities for more negative local potential in the sheath U. In Fig. 3(b) , we show results for c ¼ 10 at the sheath edge (pos. 2) and in the middle of the sheath, U ¼ U s =2 (pos. 3). In the presheath and at the sheath edge, the ivdf depends on U, with the distortion at lower velocities 
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Ion velocity distributions of a biased object in plasma Phys. Plasmas 18, 083502 (2011) being more pronounced for more negative U s . Fig. 3(c) shows distributions in the sheath at U ¼ À5 V for different U s . The height of the distributions is normalized for comparison. For larger U s , we see an enhancement in the relative contribution of the slow ion tail. For all U s , there is a finite number of particles with zero velocities.
In Fig. 4 , we show the ivdf results from simulations for different m at the same temperature for the sheath edge (pos. 2) and in the sheath (pos. 3). We observe that the hump=tail in the ivdf at the sheath edge is smaller for reduced m, while the shape of the peak of the distribution does not change much with m.
Finally, we performed simulations for flowing plasmas and measured ivdfs for sub-and supersonic velocities, see 
IV. DISCUSSION
The ivdf is changed in the sheath and presheath of a spherical object at a negative potential with respect to the plasma potential. Already in the presheath, ions are being accelerated towards the object to satisfy the Bohm criterion at the sheath edge. The radial component of the ivdf gets distorted in the presheath, and its evolution in the sheath depends on the plasma parameters and potential drop. Close to the surface of the object, the geometrical effects are also visible.
The distortions of the ivdf at the sheath edge result in a hump=tail at lower velocities, while the width of the distribution is approximately half of the value for the undisturbed plasma. The narrowing of the distribution at the sheath edge is due to the fact that only the ions with velocities towards the object at U ¼ 0 V will enter the sheath. 28 The hump=tail at lower velocities is more pronounced for colder ions, as well as for larger potentials of the object U s and heavier ions of the same temperature. We have verified that it is also present in the data considering total energy of the particles. Thus, some particles are not accelerated in the presheath to expected velocities and create a tail in the ivdf. We attribute this to electrostatic scattering of ions due to small local fluctuations of the potential in the sheath edge region. For faster ions, the scattering will be less pronounced, and the resulting distortion of the distribution at lower velocities will be smaller. We also note here that our definition of the sheath edge relates to the cold ion approximation. Since in our simulations ion temperatures are finite, our definition gives only approximate position of the sheath edge. Because of this and small potential fluctuations in the presheath, it is more appropriate to speak about the sheath edge region in this context.
Further inside the sheath, there will be less scattering as the ions are accelerated towards the object. The fwhm changes only little in the middle of the sheath, and here we get essentially distributions shifted towards higher velocities. The tail in the ivdf decreases, but is still present throughout the sheath, and contributes to an increase in the thermal velocity of the ivdf in the sheath.
Close to the surface, we observe an increase in fhwm for U s ¼ À95 V and U s ¼ À40 V, and we attribute it to a three dimensional dynamics of the ions in the sheath. Our simulated object is much larger than the Debye length, but when its potential is more negative than the floating potential, i.e., for large sheath, it can be addressed with the orbit-motion-limited theory. 29 Ions with large impact parameters, i.e., entering the sheath at large angles with respect to the direction towards the object, can have trajectories close to the surface that can lead to spreading in the radial direction. This energy spread close to the surface is also observed in the azimuthal velocity component close to the surface, as the orbiting ions stay longer in the sheath. Thus, the wings of the azimuthal ivdf get more pronounced further into the sheath, see again Fig. 1(c) .
The development of the hump=tail in the ivdf in the presheath and sheath edge region in our simulations resembles the evolution of the ivdf in one-dimensional collisionless models with the plasma source. 8, 9 In those models, the distribution in the sheath can often be divided into three parts, as there is different contribution of newly produced ions to the tail. 17 In our simulations, we do not have ionization, yet still in the presheath and sheath edge region, we observe a development of the tail=hump, which we attribute to the electrostatic scattering of ions. We observe the tail at the sheath edge and further inside the sheath. Similar tail has been observed for onedimensional models with Maxwellian source function in the whole domain. 12 Note that similar distortions of the ivdf have been measured in different laboratory experiments. [18] [19] [20] The trend for different electron to ion temperature ratios in our simulations is similar to results from one-dimensional models. 12, 13 In many aspects the evolution of ivdf in our simulations resembles one-dimensional models, but this similarity is only apparent. A closer investigation of the ivdf shows discrepancies between our results for collisionless, source-free, three dimensional plasma and the Emmert model, see Fig. 2 . In particular, the hump=tail in our results is present much further into the sheath, and close to the object surface, we observe a weak ion heating due to three-dimensional ion dynamics in the sheath. The contribution of the tail in the sheath leads to an increase of the thermal velocity, while the dominating part of the ivdf resembles a shifted distribution.
The changes (i.e., narrowing and development of hump= tail) in the ivdf in our simulations of stationary plasmas reflect the acceleration of the plasma towards the object so that the Bohm condition is satisfied. For supersonic flows, there is no significant changes in the ivdf in the sheath edge region, as ions already satisfy the Bohm condition, see again Fig. 5(a) . For subsonic flows, ions are being accelerated, and a clear hump in the velocities develops at the sheath edge. Downstream from the object, the ivdfs are significantly widened in the presheath. This is due to the wake effects, where the ion focusing leads to a large spread in the ion velocities in the radial direction. 23, 24 As the wake is more pronounced for supersonic velocities, the widening is also larger in this case. The broadening of the distribution on a downstream side is also consistent with kinetic Vlasov simulations for flowing plasmas. 30 The shape in the radial ivdf close to the object surface for large dr, see again Fig. 1(a) , is due to large spatial averaging in the direction normal to the surface in the region with a large velocity gradient. Such a broadening can be related to the spatial resolution in the LIF measurements and is important for the interpretation of such data. 12 In recent experiments, 20 the broadening of the ivdf was observed in the sheath where the potential drop was DU ¼ À100 V with respect to the plasma potential, but not for the sheath where DU ¼ À50 V, for which the velocity gradient was smaller. Also in other experiments, an increase in the ion temperatures normal to the sheath edge was observed. 19 These results are similar to those from our simulations for large dr. We suggest that one of the reasons for this broadening was superposed shifted ivdfs due to the spatial resolution in the measurement. However, for small dr, we still observe an increasing v th around the sheath edge for U s ¼ À95 V and U s ¼ À40 V, which cannot be due to averaging. We note that another mechanism has also been proposed, which accounts for enhanced collisionality in the sheath due to ion acoustic instabilities. 6 The spatial averaging can be equivalent to temporal averaging for the ivdf measured by the object with U s varied in time. Recent measurements of the ivdfs in the RF sheath showed that large variations in velocities can occur within one RF cycle. 22, [31] [32] [33] Thus, ion diagnostic tools in RF devices will be sensitive to RF-induced oscillations. An example is the retarded field energy analyzer (RFEA) located far away from the RF plasma source, as in the Njord device. [34] [35] [36] In Njord, the RF period t RF ¼ 7:38 Â 10 À8 s, while the time t s of an ion within a sheath of 10k De is of the order of 10 À7 s. Thus, t s % t RF placing the Njord experiment in the intermediate regime where RF contribution is strong enough to disturb the ivdf but too small to produce two distinct peaks. 33 A typical ivdf obtained from measurements with the RFEA in the Njord device is shown in Fig. 6 . The shape of the distribution function from the RFEA does not agree with theoretical models for DC plasmas 16 but is similar to a radial ivdf for large dr, as shown in Fig. 1(a) . We note that there will be yet another disturbance in the shape of the ion distribution function due to the opening angle. 37 Thus, a possible explanation of the shape of the ivdf from RFEA measurements shown in Fig. 6 can be that different ivdfs reach the aperture of the RFEA during integration time.
V. CONCLUSION
With three-dimensional particle-in-cell numerical simulations, we studied for the first time ion velocity distributions functions in the vicinity of a spherical object with a negative potential with respect to the plasma potential. It was demonstrated that for a source-free, collisionless plasma, a hump=tail forms in the radial ivdf in the presheath partly resembling one-dimensional analytical models. The broadening of the distribution due to three-dimensional ion dynamics closest to the surface has been observed both for stationary and flowing plasmas. The importance of the spatial and temporal resolutions in experimental measurements was also addressed.
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